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Abstract
In the traditional human bioelectrical impedance measurement methods, measurement approach is simplex and 
accuracy is low.  A multi-frequency and multi-segment human bioelectrical impedance measurement method is 
proposed , which adopts eight electrodes segments measurement technique and direct frequency synthesis method to 
produce multi-frequency excitation signal, and then  achieves multi-frequency and multi-segment measurement of 
bioelectrical impedance. The results of experiments show that this method effectively improves the measurement 
accuracy; the relative error of measured impedance magnitude is less than 1% while the absolute error of phase is less 
than 1 degree.
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of ICAE2011.
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1. Introduction
Body impedance is the physical parameters, which is the reaction to the electrical properties of the 
human body or part of the body[1]. The physiological state and pathological conditions of living tissues is 
understood by the measured bioelectrical impedance value. For example, in the clinical application, the 
measured bioelectrical impedance can be used to analyze blood flow, sigh power, body composition, etc. 
So it is of important theoretical significance and practical value.
Currently, there are many kinds of biological impedance measurement methods, which include 
electrical bridge method, two electrodes method, four electrodes method etc[2] .However, these traditional 
methods have some drawbacks that are the simplex measurement approach, complex operation and low 
accuracy etc. The human body composition parameters reacted is less and can not reflect human health 
situation.
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2. Principle of human bioelectrical impedance measuring
The basic unit of the human tissue is cells, each cell has a layer of membrane, the intracellular fluid 
wrapped by the cell membrane and the extracellular fluid are among the cells. When the DC or low 
frequency current is imposed on the biological tissue, due to the presence of cell membrane, the current 
will bypass the cell in any possible ways and mainly go through the extracellular fluid; in contrast, when 
the high frequency current is imposed on, the current will go through the cell membrane and influence the 
intracellular fluid [3]. The cell membrane is equal to capacitance, and the intracellular and extracellular 
fluid is equal to resistance when current goes through the biological tissue. Therefore, the three-element 
RC model is commonly used to represent the human body biological tissues: capacitance Cm is equal to
membrane, resistance Ri is equal to the intracellular fluid, Cm connects with Ri in series, and then does 
parallel connection with resistance Re, which is equal to the extracellular fluid.
Biological tissues have different impedance characteristics with different current frequencies. The 
electrode system ZX composed of electrode and human tissues connects with standard resistor RS in 
series .The results form tissue impedance measurement circuit [4], shown in Figure 1(a).
The voltage across the ZX and the RS becomes UZ and US after signal processing when there is the 
excitation current in the circuit. Supposed that the current through the ZX and the RS is I, and the 
relationship between UZ and US is as follows,
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Where θ∠ is the phase difference of UZ and US.
3. Bioelectrical impedance measuring method based on multi-frequency and multi-segment
3.1. System architecture
Principle of bioelectrical impedance measurement system is shown in Figure 1(b). The system includes 
MCU, DDS sine wave signal generator circuit, the voltage-controlled current source, electrode system and 
gain phase measurement system.
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Fig.1 (a) Model of bioelectrical impedance measurement (b) Block Diagram of System (c) Electrodes Distribution
3.2. The signal generator module
Current source with constant amplitude and adjustable frequency is the main part of the system.This 
design uses direct digital frequency synthesis (DDS), which directly generates the required signals with 
various frequencies by program control. DDS synthesizer includes mainly frequency control word, the 
phase accumulator, sine lookup table, D/A converter and low pass filter etc. The introduction of DDS 
greatly simplifies the generation of multi-frequency signals. By writing different control word to DDS 
through MCU, signals of different frequencies can be obtained.
The signals which DDS generated are a constant amplitude and frequency adjustable sinusoidal AC 
voltage signal[5]. However, bioelectrical impedance analysis needs a sinusoidal AC current source without 
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DC component and with constant amplitude and adjustable frequency. Thus, it is necessary to convert 
voltage signals to the current signals by the voltage controlled current source (VCCS) circuit , the size of 
the output current of VCCS is controlled by the amplitude of the input voltage signals . To ensure the 
safety of the measured object, the output current of signal generating circuit is controlled under the 0.2mA. 
Then, the required excitation signals are obtained.
3.3. Principle of eight electrodes multi-segment measurement
The sinusoidal current source generated by signal generating circuit is imposed on the corresponding 
parts of the body as the system excitation signal. The system applies eight electrodes (4 pairs) 
measurement system, and each pair includes an incentive electrode and a detection electrode, shown in 
Figure 1(c), where a, b, c, d are the current incentive electrodes, and A, B, C, D are voltage detection 
electrodes. All the electrodes the same reference plane[6]. A loop can be formed by imposing AC current 
with frequency of 5 kHz, 50 kHz, 100 kHz, 250 kHz and 500 kHz between different incentive electrodes. 
Bioelectrical impedance of each section can be obtained by measuring between different detection 
electrodes. For example, after imposing incentive current between a and c, the electrical impedance of the 
left lower limb can be obtained by the measurement between A and B; the electrical impedance of the left 
upper limb can be obtained by the measurement between C and D; electrical impedance of trunk can be 
obtained by the measurement between B and D.
3.4. The signal detection module
According to the bio-impedance measurement principle, the magnitude and phase frequency 
characteristics of bio-impedance ZX can be calculated by using the measured amplitude ratio and phase 
difference of UZ and Us. The system can measure amplitude ratio and phase difference of the two output 
signal of the electrode system by using chip AD8302. The AD8302, which is the product of ADI, is a 
single integrated system for measuring amplitude and phase. Figure 2(b) shows the connected circuit of 
AD8302 in measurement mode. When the chip output pin VMAG and VPHS  connect directly to the chip 
input pin MSET and PSET, it will work on the default slope and the central point (the ratio coefficient of 
accuracy amplitude measurement is 30mV/dB, the ratio coefficient of accuracy phase measurement is 
10mV/DEG). In practical application, the slope and the central point of the circuit can be modified by 
dividing voltage of MSET and PSET pins.
Usually in the low-frequency condition, the amplitude and phase measurement equation is as follows:
CPV)/log( += INBINASLPMAG VVVV (3)
[ ] CPV)()( +Φ−Φ= Φ INBINAPHS VVVV (4)
Where VSLP represents the slope 30mV/dB, central point 900mV represents the gain 0dB, -30dB~30dB 
corresponds to the output voltage range 0V~1.8V in the amplitude measurement equation. In the phase 
measurement equation, VΦ represents the slope 10mV/DEG, the central point 900mV corresponds to 
phase difference 90°, 0°~180° corresponds to output voltage range 0V~1.8V . The ideal characteristics 
curve of the amplitude and phase in the default measurement mode is shown in Figure 2(a). The AD8302 
integrates the two precisely matched logarithmic detectors on a single chip, so error sources and the
temperature drift can be reduced to the minimum.
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Fig.2 (a)Characteristics for the gain and phase measurement mode (b)AD8302 signal detection circuit
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In this system, AD8302 chip works on the default slope and the center, the measurement circuit is 
shown in Figure 2(b). According to the formula of (3), (4), the amplitude ratio and phase difference of UZ
and US are:
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The amplitude ratio and phase difference of UZ and US can be obtained by measuring output voltage 
of VMAG and VPHS pin through using A/D conversion function of the processor, and the amplitude and 
phase of bio-impedance ZX can be calculated.
4. Experiment
4.1. Reliability verification
In order to verify the reliability of the system prototype machine, we construct simulation testing object 
according to the three components of biological impedance RC Model. The data measured by HP4294 
impedance spectroscopy with a precision of 0.05% is applied as academic value. Under the frequency of 
500KHz, the comparison of the testing results of system prototype machine and HP4294 are shown in 
Table 2. 
Table 1 Measured results compare with 500KHz frequency
HP4294 Prototype machine Error
Amplitude(ohm) Phase(°) Amplitude(ohm) Phase(°) Amplitude(%) Phase(°)
424.5 -33.2 422.3 -34.0 0.52 0.8
581.9 -22.9 578.3 -22.3 0.62 0.6
647.8 -11.6 650.3 -12.1 0.39 0.5
751.4 -6.2 756.6 -6.8 0.69 0.6
According to the data in Table 2, the relative error of amplitude of the measured data of the system 
prototype machine and impedance spectrum analyzer HP4294 is less than 1%, while the absolute error is 
less than 1 °, and it indicates that the results of the system prototype have high reliability.
4.2. Impedance measurement
The system prototype machine is used to measure bioelectrical impedance of the left and right upper 
arm of right-handed object under multi-frequency, and the results are shown in Table 2.
Table 2 Data of human Impedance measurement
frequency Left arm(ohm) Right arm(ohm)
5KHz 394.3 388.6
50KHz 351.6 348.3
100KHz 334.5 330.8
250KHz 315.5 310.2
500KHz 308.3 301.2
At the same time, according to the data in Table 2 , we can also see that right-handed muscles which 
have relatively smaller impedance are stronger than left-handed muscles, and this conclusion will provide 
an important reference for testing human body composition.
5. Conclusion
This paper has analyzed the principle of the multi-frequency and multi-segment bioelectrical 
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impedance measurement method and designed bioelectrical impedance measurement system prototype 
machine. The results of experiments indicates that this method is capable of realizing simultaneous 
measurement of human body bioelectrical impedance amplitude and phase, meanwhile, this method has 
high precision , excellent repeatability and wide practical value and application prospects
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